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Early-universe constraints on dark energy
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In the past years ‘‘quintessence’’ models have been considered which can produce the accelerated expansion
in the universe suggested by recent astronomical observations. One of the key differences between quintes-
sence and a cosmological constant is that the energy density in quintessence,Vf , could be a significant
fraction of the overall energy even in the early universe, while the cosmological constant will be dynamically
relevant only at late times. We use standard big bang nucleosynthesis and the observed abundances of primor-
dial nuclides to put constraints onVf at temperatures nearT;1 MeV. We point out that current experimental
data do not support the presence of such a field, providing the strong constraintVf (MeV),0.045 at 2s C.L.
and strengthening previous results. We also consider the effect a scaling field has on cosmic microwave
background~CMB! anisotropies using the recent data fromBOOMERANG andDASI combined with SNIa data,
providing the CMB constraintVf<0.39 at 2s during the radiation dominated epoch.

DOI: 10.1103/PhysRevD.64.103508 PACS number~s!: 98.80.Es, 26.35.1c, 95.35.1d, 98.70.Vc
-
rg
pa
oa
in

re
s

ee

r
h
e

on
rg

be
ic
p
a
t
r

t b
ob
-

r o

s

m,
in-
n a

e-
u-

s the
pre-

re-
trum
use
the

,

we
tor

the

-
en-

of
uce
ated

sed
l
it
n-
I. INTRODUCTION

Recent astronomical observations@1# suggest that the en
ergy density of the universe is dominated by a dark ene
component with negative pressure which causes the ex
sion rate of the universe to accelerate. One of the main g
for cosmology, and for fundamental physics, is ascertain
the nature of the dark energy@2#.

In the past years scaling fields have been conside
which can produce an accelerated expansion in the pre
epoch. The scaling field is known as ‘‘quintessence’’ and
vast category of ‘‘tracker’’ quintessence models have b
created~see for example@3,4# and references therein!, in
which the field approaches an attractor solution at ea
times, with its energy density scaling as a fraction of t
dominant component. The desired late time accelerated
pansion behavior is then set up independently of initial c
ditions, with the quintessential field dominating the ene
content.

Let us remind the reader of the two key differences
tween the general quintessential model and a cosmolog
constant: firstly, for quintessence, the equation-of-state
rameter wf5p/r varies in time, usually approaching
present valuew0,21/3, while for the cosmological constan
it remains fixed atwL521. Secondly, during the attracto
regime the energy density in quintessenceVf is, in general,
a significant fraction of the dominant component whileVL is
only comparable to it at late times.

Future supernovae luminosity distance data, as migh
obtained by the proposed Supernova Acceleration Pr
~SNAP! satellite, will probably have the potential to dis
criminate between different dark energy theories@5#. These
datasets will only be able to probe the late time behavio
the dark energy component at redshiftz,2, however. Fur-
thermore, since the luminosity distance depends onw
through a multiple integral relation, it will be difficult to
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infer a precise measurement ofw(z) from these dataset
alone@6#.

In this paper we take a different approach to the proble
focusing our attention on the early time behavior of the qu
tessence field, when the tracking regime is maintained i
wide class of models, andVf is a significant (>0.01, say!
fraction of the overall density.

In particular, we will use standard big bang nucleosynth
sis ~BBN! and the observed abundances of primordial n
clides to put constraints on the amplitude ofVf at tempera-
tures nearT;1 MeV. The inclusion of a scaling field
increases the expansion rate of the universe, and change
ratio of neutrons to protons at freeze-out and hence the
dicted abundances of light elements.

The presence of this field in the radiation dominated
gime also has important effects on the shape of the spec
of the cosmic microwave background anisotropies. We
the recent anisotropy power spectrum data obtained by
BOOMERANG @7# andDASI @8# experiments to obtain further
independent constraints onVf during the radiation domi-
nated epoch.

There are a wide variety of quintessential models;
limit our analysis to the most general ones, with attrac
solutions established well before nucleosynthesis.

More specifically, we study a tracker model based on
exponential potentialV5V0e2lf @9#. If the dominant com-
ponent scales asrn5r0(a0 /a)n, then the scaling field even
tually approaches an attractor solution, and its fractional
ergy density is given byVf5n/l2. However, the pure
exponential potential, since it simply mimics the scaling
the dominant matter in the attractor regime, cannot prod
an accelerated expanding universe in the matter domin
epoch.

Therefore, we focus our attention on a recently propo
model by Albrecht and Skordis~referred to as the AS mode
hereafter! @10#, motivated by physics in the low-energy lim
of M theory, which includes a factor in front of the expone
©2001 The American Physical Society08-1
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tial, so that it takes the formV5V0@(f02f)21A#e2lf.
The prefactor introduces a small minimum in the potent
When the potential gets trapped in this minimum its kine
energy disappears, triggering a period of accelerated ex
sion, which never ends ifAl2,1 @11#.

In Fig. 1 we introduce and summarize the main results
the paper. In the figure, the BBN constraints obtained in S
II, and the cosmic microwave background~CMB! constrains
obtained in Sec. III are shown together with two differe
versions of the AS model which both satisfy the conditi
Vf50.65 today.

II. CONSTRAINTS FROM BBN

In the last few years important experimental progress
been made in the measurement of light element primor
abundances. For the4He mass fraction,YHe, two marginally
compatible measurements have been obtained from reg
sion against zero metallicity in blue compact galaxies. A l
value YHe50.23460.003 @12# and a high oneYHe50.244
60.002@13# give realistic bounds. We use the high value
our analysis; if one instead considered the low value,
bounds obtained would be even stronger.

Observations in different quasar absorption line syste
give a relative abundance for deuterium, critical in fixing t
baryon fraction, ofD/H5(3.060.4)31025 @14#. Recently a
new measurement of deuterium in the damped Lyman-a sys-
tem was presented@15#, leading to the weighted mea
abundanceD/H5(2.260.2)31025. We use the value
from @14# in our analysis; the use of@15# leads to an even
stronger bound.

FIG. 1. Top panel: Time behavior of the fractional energy de
sity Vf for the Albrecht and Skordis model together with the co
straints presented in the paper. The parameters of the model
~assumingh50.65 andVf50.65) l53, f0587.09,A50.01 and
l510, f0525.82, A50.01. Bottom panel: Time behavior for th
overall equation of state parameterwtot for the two models. Lumi-
nosity distance data will not be useful in differentiating the tw
models.
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In the standard BBN scenario, the primordial abundan
are a function of the baryon densityh;Vbh2 only. To con-
strain the energy density of a primordial field atT;MeV, we
modified the standard BBN code@16#, including the quintes-
sence energy componentVf . We then performed a likeli-
hood analysis in the parameter space (Vbh2,Vf

BBN) using the
observed abundancesYHe and D/H. In Fig. 2 we plot the
1, 2 and 3s likelihood contours in the (Vbh2,Vf

BBN) plane.
Our main result is that the experimental data for4He and

D do not favor the presence of a dark energy compon
providing the strong constraintVf (MeV),0.045 at 2s
~corresponding tol.9 for the exponential potential sce
nario!, strengthening significantly the previous limit of@17#,
Vf (MeV),0.2. The reason for the difference is due to t
improvement in the measurements of the observed ab
dances, especially for the deuterium, which now correspo
to approximatelyDNeff,0.220.3 additional effective neutri-
nos ~see, e.g.@18#!, whereas Ref.@17# used the conservative
valueDNeff,1.5.

One could worry about the effect of any underestima
systematic errors, and we therefore multiplied the error-b
of the observed abundances by a factor of 2. Even taking
into account, there is still a strong constraintVf (MeV)
,0.09 (l.6.5) at 2s.

III. CONSTRAINTS FROM CMB

The effects of a scaling field on the angular power sp
trum of the CMB anisotropies are several@10#. Firstly, if the
energy density in the scaling quintessence is significant d
ing the radiation epoch, this would change the equality r
shift and modify the structure of the peaks in the CMB sp
trum ~see e.g.@19#!.

Secondly, since the inclusion of a scaling field chang
the overall content in matter and energy, the angular diam
distance of the acoustic horizon size at recombination w
change. This would result in a shift of the peak positions
the angular spectrum. It is important to note that th
effect does not qualitatively add any new features ad
tional to those produced by the presence of a cosmolog
constant@20#.

-
-
are

FIG. 2. 1, 2 and 3s likelihood contours in the
„Vbh2,Vf(1 MeV)… parameter space derived from4He and D
abundances.
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Third, the time-varying Newtonian potential after deco
pling will produce anisotropies at large angular sca
through the integrated Sachs-Wolfe~ISW! effect. Again, this
effect will be difficult to disentangle from the same effe
generated by a cosmological constant, especially in view
the affect of cosmic variance and/or gravity waves on
large scale anisotropies.

Finally, the perturbations in the scaling field about t
homogeneous solution will also slightly affect the baryo
photon fluid modifying the structure of the spectral pea
However, this effect is generally negligible.

From these considerations, supported also by recent C
analysis@21,22#, we can conclude that the CMB anisotropi
alonecannot give significant constraints onwf at late times.
If, however,Vf is significant during the radiation dominate
epoch it would leave a characteristic imprint on the CM
spectrum. The CMB anisotropies can then provide a us
cross check on the bounds obtained from BBN.

One should keep in mind thatVf could be significantly
different at the time of BBN and CMB, e.g. if one conside
decaying neutrino models~see e.g. discussion and referenc
in @23#!.

To obtain an upper bound onVf at last scattering, we
perform a likelihood analysis on the recentBOOMERANG @7#
and DASI @8# data. The anisotropy power spectrum from
BOOMERANG and DASI was estimated in 19 bins betweenl
575 and l 51025 and in 9 bins, froml 5100 to l 5864
respectively. Our database of models is sampled as in@26#,
we include the effect of the beam uncertainties for the b
merang data, and we use the public available covariance
trix and window functions for theDASI experiment. There are
naturally degeneracies betweenVm and VL which are bro-
ken by the inclusion of SNIa data@1#. It is worth pointing out
that the inclusion of an age prior to the Universe oft.11
gyr @24,25#, and in particular the SNIa data improve th
bound onVf @23#.

By finding the remaining ‘‘nuisance’’ parameters whic
maximize the likelihood, we obtainVf,0.39 at 2s level
during the radiation dominated epoch. Therefore, while th
is no evidence from the CMB anisotropies for the prese
of a scaling field in the radiation dominated regime, t
bounds obtained are actually larger than those from BBN

In Fig. 3 we plot the CMB power spectra for 2 alternati
scenarios. The CMB spectrum for the model which satis
the BBN constraints is practically indistinguishable from t
spectrum obtained with a cosmological constant, and 3
effective neutrino degrees of freedom. Nonetheless, if
dark energy component during radiation is significant,
change in the redshift of equality leaves a characteristic
print in the CMB spectrum, breaking the geometrical deg
eracy. This is also found when considering non-minima
coupled scalar fields@27#, even when the scalar is a sma
fraction of the energy density at last scattering. In the m
mally coupled models considered here, this is equivalen
an increase in the neutrino effective number, i.e. altering
number of relativistic degrees of freedom at last scatterin

In Fig. 4 we have plotted the corresponding matter pow
spectra together with the decorrelated data points of R
@28#. As one can see, the model withl53 seems in disagree
10350
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ment with the data, producing less power than the mo
with l510, with this last one still mimicking a cosmologica
constant. The less power can still be explained by the inc
ment in the radiation energy component which shifts
equality at late time and the position of the turn-around in
matter spectrum towards larger scales. A bias factor coul
principle solve the discrepancy between thel53 model and

FIG. 3. CMB anisotropy power spectra for the Albrecht-Skord
models withl510, f0525.82 andA50.01 ~full line! andl53,
f0587.09 andA50.01 ~dashed line!, both with Vf50.65 andh
50.65, are plotted against data points fromBOOMERANG ~hexa-
gons!, MAXIMA ~crosses! andDASI ~diamonds!.

FIG. 4. Matter power spectra for the 2 models in Fig. 3. T
predictions support those in the CMB spectra, the quintesse
model in agreement with BBN withl510 ~full line! is in good
agreement with observations~the decorrelated data of Hamilto
et al.! whilst the model withl53 ~short dash! seems in clear
disagreement.
8-3
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the data, however, the matter fluctuations over a spher
size 8h21 Mpc are s8;0.5 to be compared with the ob
served values850.56Vm

20.47;0.9 @29#. With the unsettled
question of bias, the large scale structure~LSS! data do not
seem competitive at the moment, however, better un
standing of the bias, or weak lensing observations@30# may
open up further opportunities to constrain quintessence m
els even more tightly through the matter power spectrum

IV. CONCLUSIONS

We have examined BBN abundances and CMB aniso
pies in a cosmological scenario with a scaling field. We ha
quantitatively discussed how large values of the fractio
density in the scaling fieldVf at T;1 MeV can be in
agreement with the observed values of4He and D, assuming
standard big bang nucleosynthesis. The 2s limit
Vf(1 MeV),0.045 severely constrains a wide class
quintessential scenarios, like those based on an expone
potential. For example, for the pure exponential potential
total energy today is restricted toVf5 3

4 Vf(1 MeV)
<0.034. Our 2s limit on the l parameter, could also plac
useful constraints on other dark energy models. In the cas
the Albrecht-Skordis model, for example, combining our
sult with the conditionAl2<1, one finds thatA,0.01 in
order to have an eternal acceleration. Furthermore, if
want to haveVf>0.65, then one must havef0,29.

As mentioned earlier, our BBN constraint is limited
models assuming standard big bang nucleosynthesis, w
the scaling field simply adds energy density to the expand
universe.

The bound onVf ~MeV! can be also weakened by intro
ducing new physics which might change the electron n
trino distribution function. Such distortions will alter th
neutron-proton reactions, and subsequently the final ab
rd

T

B
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dances. Such new physics could take the form of heavy
caying neutrinos, or light electron neutrinos oscillating w
a sterile species, both of which can lead to fewer effect
degrees of freedom~see e.g.@31,32# and references therein!.

There are several quintessence models which evade
BBN bound, and let us mention a few. The simplest way is
modify the standard model of reheating in order to ha
late-entry of the field in the attractor solution, after BB
@17#. In the ‘‘tracking oscillating energy’’ of Ref.@33# one
can choose parameters which both letVf be small at BBN
times and big today. However, since the probability of t
randomly selected parameters decreases rapidly for stro
BBN constraints, this model may not appear too natural~in
the language of@33#!. Another class of models which evad
the BBN bound are the models exhibiting kination at ea
times. This means thatVf is suppressed at early times, ta
ing a value well below that made by the BBN constraint@11#.

All these models are compatible with our 1s constraint
obtained from CMB data but they nonetheless leave a c
acteristic imprint on CMB and also large scale structure. I
therefore expected that future data from satellite experime
such as the Microwave Anisotropy Probe~MAP! or Planck,
and measurements of the matter power spectrum using w
lensing and the Digital SLOAN survey will enable tighte
limits to be placed on the presence of a scalar quintesse
field in the early universe.

ACKNOWLEDGMENTS

It is a pleasure to thank Ruth Durrer, Pedro Ferreira,
anpiero Mangano, Joe Silk and Julien Devriendt for co
ments and suggestions. R.B. and A.M. are supported
PPARC. S.H.H. is supported by the European Commun
under Contract No. HPMFCT-2000-00607. We acknowled
the use ofCMBFAST @34#.
s.
.

@1# P.M. Garnavichet al., Astrophys. J. Lett.493, L53 ~1998!; S.
Perlmutteret al., Astrophys. J.483, 565 ~1997!; Supernova
Cosmology Project, S. Perlmutteret al., Nature~London! 391,
51 ~1998!; A.G. Riesset al., Astrophys. J.116, 1009 ~1998!;
B.P. Schmidt,ibid. 507, 46 ~1998!.

@2# N. Bahcall, J.P. Ostriker, S. Perlmutter, and P.J. Steinha
Science284, 1481 ~1999!; A.H. Jaffe et al., Phys. Rev. Lett.
86, 3475~2001!.

@3# I. Zlatev, L. Wang, and P. Steinhardt, Phys. Rev. Lett.82, 896
~1999!.

@4# P. Brax, J. Martin, and A. Riazuelo, Phys. Rev. D62, 103505
~2000!.

@5# J. Weller and A. Albrecht, Phys. Rev. Lett.86, 1939~2001!; D.
Huterer and M.S. Turner, astro-ph/0012510; T. Chiba and
Nakamura, Phys. Rev. D62, 121301~R! ~2000!; M. Tegmark,
astro-ph/0101354; V. Barger and D. Marfatia, Phys. Lett.
498, 67 ~2001!.

@6# I. Maor, R. Brustein, and P.J. Steinhardt, Phys. Rev. Lett.86,
6 ~2001!.

@7# C.B. Netterfieldet al., astro-ph/0104460.
t,

.

@8# N.W. Halversonet al., astro-ph/0104489.
@9# J.J. Halliwell, Phys. Lett. B185, 341 ~1987!; J. Barrow,ibid.

187, 12 ~1987!; B. Ratra and P. Peebles, Phys. Rev. D37, 3406
~1988!; C. Wetterich, Astron. Astrophys.301, 321 ~1995!.

@10# A. Albrecht and C. Skordis, Phys. Rev. Lett.84, 2076~2000!;
C. Skordis and A. Albrect, astro-ph/0012195.

@11# J. Barrow, R. Bean, and J. Maguejo, astro-ph/0004321.
@12# K.A. Olive and G. Steigman, Astrophys. J., Suppl. Ser.97, 49

~1995!.
@13# Y.I. Izotov and T.X. Thuan, Astrophys. J.500, 188 ~1998!.
@14# S. Burles and D. Tytler, Astrophys. J.499, 699 ~1998!.
@15# M. Pettini and D.V. Bowen, astro-ph/0104474.
@16# L. Kawano, Fermilab-Pub-92/04-A, 1992.
@17# P.G. Ferreira and M. Joyce, Phys. Rev. Lett.79, 4740~1997!;

Phys. Rev. D58, 023503~1998!.
@18# S. Burles, K.M. Nollett, J.N. Truran, and M.S. Turner, Phy

Rev. Lett. 82, 4176 ~1999!; S. Esposito, G. Mangano, G
Miele, and O. Pisanti, J. High Energy Phys.09, 038 ~2000!.

@19# W. Hu, D. Scott, N. Sugiyama, and M. White, Phys. Rev. D52,
5498 ~1995!.
8-4



N

O.

ke

.

cl.

ett.

EARLY-UNIVERSE CONSTRAINTS ON DARK ENERGY PHYSICAL REVIEW D64 103508
@20# G. Efstathiou and J.R. Bond, astro-ph/9807103.
@21# A. Balbi, C. Baccigalupi, S. Matarrese, F. Perrotta, and

Vittorio, Astrophys. J. Lett.547, L89 ~2001!.
@22# The MaxiBoom Collaboration, J.R. Bond et al.,

astro-ph/0011379.
@23# S.H. Hansen, G. Mangano, A. Melchiorri, G. Miele, and

Pisanti, astro-ph/0105385.
@24# S. Hannestad, Phys. Rev. D64, 083002~2001!.
@25# J.P. Kneller, R. J. Scherrer, G. Steigman, and T.P. Wal

Phys. Rev. D~to be published!, astro-ph/0101386.
@26# S. Esposito, G. Mangano, A. Melchiorri, G. Miele, and O

Pisanti, Phys. Rev. D63, 043004~2001!.
10350
.

r,

@27# R. Bean, astro-ph/0104464.
@28# A.J.S. Hamilton and M. Tegmark, astro-ph/0008392.
@29# P. Viana and A.R. Liddle, Mon. Not. R. Astron. Soc.303, 535

~1999!.
@30# L. Van Waerbekeet al., astro-ph/0101511.
@31# A.D. Dolgov, S.H. Hansen, S. Pastor, and D.V. Semikoz, Nu

Phys.B548, 385 ~1999!.
@32# P. Di Bari and R. Foot, Phys. Rev. D63, 043008~2001!.
@33# S. Dodelson, M. Kaplinghat, and E. Stewart, Phys. Rev. L

85, 5276~2000!.
@34# M. Zaldarriaga and U. Seljak, Astrophys. J.469, 437 ~1996!.
8-5


